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Provided are a conductive structure and a meth-
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metal and a work function control layer for controlling a
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ed to the conductive material layer. The work function
control layer includes a two-dimensional material with a
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Description
FIELD OF THE INVENTION

[0001] The disclosure relates to a conductive structure
and/or a method of controlling a work function of metal.

BACKGROUND OF THE INVENTION

[0002] Graphene is a material that has a hexagonal
honeycomb structure, in which carbon atoms are two-
dimensionally connected to each other, and has a very
thin thickness at the atomic level. Graphene has high
electrical mobility and excellent thermal properties, com-
pared with silicon (Si), and also has advantages of chem-
ical stability and a large surface area.

SUMMARY OF THE INVENTION

[0003] Provided is a conductive structure and/or a
method of controlling a work function of metal.

[0004] Additional aspects will be set forth in partin the
description which follows and, in part, will be apparent
from the description, or may be learned by practice of
the presented embodiments of the disclosure.

[0005] According to an aspect of an embodiment, a
conductive structure includes

a conductive material layer including metal and a work
function control layer bonded to the conductive material
layer. The work function control layer includes a two-di-
mensional material with a defect, and the work function
control layer is configured to control a work function of
the conductive structure by being bonded to the conduc-
tive material layer.

[0006] Investigations have shown that work function is
lowered when CVD-grown graphene having a grain size
of a few wm or more is bonded to metal. Embodiments
propose a structure comprising a first conductive mate-
rial, and a two-dimensional layered material with a defect
bonded to the conductive material layer.

[0007] Insomeembodiments, the work function control
layer may be configured to make the work function of the
conductive structure lower than a work function of the
conductive material layer.

[0008] In some embodiments, the two-dimensional
material with the defect may have a two-dimensional
crystalline structure and a grain size of 100 nm or less.
The two-dimensional material with the defect may have
a thickness of several nanometers.

[0009] In some embodiments, the two-dimensional
material with the defect may include nanocrystalline
graphene. Metal carbide may be between the conductive
material layer and the work function control layer.
[0010] In some embodiments, the two-dimensional
material with the defect may include nanocrystalline h-
boron nitride (h-BN).

[0011] In some embodiments, the two-dimensional
material with the defect may include a nanocrystalline
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transition metal dichalcogenide (TMD) compound or na-
nocrystalline black phosphorous (BP).

[0012] In some embodiments, the two-dimensional
material with the defect may have a single layer structure
or a multilayer structure.

[0013] Insomeembodiments,the workfunction control
layer may be bonded to the conductive material layer by
deposition or transfer.

[0014] According to an embodiment, a method of con-
trolling a work function of metal includes controlling the
work function by bonding a work function control layer to
a conductive layer including metal. The work function
control layer includes a two-dimensional material with a
defect.

[0015] Insomeembodiments,the workfunction control
layer may be configured to control the work function of
the conductive structure including the conductive mate-
rial layer, and the work function control layer may be con-
figured to make the work function of the conductive struc-
ture lower than a work function of the conductive material
layer.

[0016] In some embodiments, the two-dimensional
material with the defect may have a two-dimensional
crystalline structure and a grain size of 100 nm or less.
The two-dimensional material with the defect may have
a thickness of several nanometers.

[0017] In some embodiments, the two-dimensional
material with the defect may include nanocrystalline
graphene.

[0018] In some embodiments, the two-dimensional
material with the defect may include nanocrystalline h-
BN, a nanocrystalline transition metal dichalcogenide
compound, or nanocrystalline black phosphorous.
[0019] In some embodiments, the two-dimensional
material with the defect may have a single layer structure
or a multilayer structure.

[0020] Insomeembodiments,the workfunction control
layer may be bonded to the conductive material layer by
deposition or transfer.

[0021] According to an embodiment, a bonding struc-
ture includes: a conductive material layer including metal
and a work function control layer including a two-dimen-
sional material with a defect. The conductive material
layer and the work function control layer may form the
bonding structure. According to a change in a thickness
of the work function control layer, a work function of the
bonding structure does not change or a change rate of
the work function of the bonding structure is within 90%.
The work function of the bonding structure may be less
than a work function of the conductive material layer.
[0022] According to an embodiment, a conductive
structure includes a conductive material layer including
metal and a work function control layer bonded to the
conductive material layer. The work function control layer
includes a two-dimensional material having a grain size
of 100 nm or less. The work function control layer may
be configured to control a work function of the conductive
structure by being bonded to the conductive material lay-
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er. The two-dimensional material may include nanocrys-
talline graphene, nanocrystalline h-boron nitride (h-BN),
a nanocrystalline transition metal dichalcogenide (TMD)
compound, or nanocrystalline black phosphorous (BP).
[0023] Insomeembodiments, the work function control
layer including the two-dimensional material may have a
single layer structure or a multilayer structure.

[0024] Insome embodiments, the conductive structure
may further include a metal carbide between the conduc-
tive material layer and the work function control layer.
The work function control layer may include nanocrystal-
line graphene. The work function control layer may have
a thickness of 10 nm or less.

[0025] Insome embodiments, the work function control
layer may include nanocrystalline h-boron nitride (h-BN),
a nanocrystalline transition metal dichalcogenide (TMD)
compound, or nanocrystalline black phosphorous (BP).

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The above and other aspects, features, and ef-
fects of example embodiments of the disclosure will be
more apparent from the following description taken in
conjunction with the accompanying drawings, in which:

FIG. 1 illustrates an experimental result showing that
a work function may be reduced by bonding crystal-
line graphene to metal;

FIG. 2 illustrates that a semiconductor layer is pro-
vided in a conductive structure in which crystalline
graphene is bonded to a metal layer;

FIG. 3illustrates a change in the height of a Schottky
barrier according to the number of crystalline graph-
ene layers in the structure of FIG. 2;

FIGS. 4A to 4G illustrate conductive structures ac-
cording to example embodiments; and

FIGS. 5A and 5B illustrate D-parameter spectrums
with respect to nanocrystalline graphene and an
amorphous carbon layer, respectively.

DETAILED DESCRIPTION

[0027] Reference will now be made in detail to embod-
iments, examples of which are illustrated in the accom-
panying drawings, wherein like reference numerals refer
to like elements throughout. In this regard, the present
embodiments may have different forms and should not
be construed as being limited to the descriptions set forth
herein. Accordingly, the embodiments are merely de-
scribed below, by referring to the figures, to explain as-
pects. As used herein, the term "and/or" includes any
and all combinations of one or more of the associated
listed items. Expressions such as "at least one of," when
preceding a list of elements, modify the entire list of ele-
ments and do not modify the individual elements of the
list. For example, "at least one of A, B, and C," "at least
one of A, B, or C," "one of A, B, C, or a combination
thereof," and "one of A, B, C, and a combination thereof,"
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respectively, may be construed as covering any one of
the following combinations: A; B; A and B; A and C; B
and C; and A, B, and C."

[0028] Reference willnow be made in detail to embod-
iments, examples of which are illustrated in the accom-
panying drawings. Throughout the drawings, like refer-
ence numerals refer to like elements. The thickness or
size of each layer illustrated in the drawings may be ex-
aggerated for convenience of explanation and clarity.
Furthermore, as embodiments described below are non-
limiting, various other modifications may be produced
from the embodiments.

[0029] Inalayer structure, when a constituent element
is disposed "above" or "on" to another constituent ele-
ment, the constituent element may be only directly on
the other constituent element or above the other constit-
uent elements in a non-contact manner. An expression
used in the singular encompasses the expression of the
plural, unless it has a clearly different meaning in the
context. It will be further understood that the terms "com-
prises" and/or "comprising" used herein specify the pres-
ence of stated features or components, but do not pre-
clude the presence or addition of one or more other fea-
tures or components.

[0030] The use of the terms "a" and "an" and "the" and
similar referents in the context of describing the disclo-
sure are to be construed to cover both the singular and
the plural. Also, the steps of all methods described herein
can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by con-
text. The disclosure is not limited to the described order
of the steps.

[0031] Furthermore, terms such as "~ portion", "~ unit",
"~ module", and "~ block" stated in the specification may
signify a unit to process at least one function or operation
and the unit may be embodied by hardware, software, or
a combination of hardware and software.

[0032] Furthermore, the connecting lines, or connec-
tors shown in the various figures presented are intended
to represent functional relationships and/or physical or
logical couplings between the various elements.

[0033] The use of any and all examples, or language
(e.g., "such as") provided herein, is intended merely to
better illuminate the disclosure and does not pose a lim-
itation on the scope of the disclosure unless otherwise
claimed.

[0034] A two-dimensional material refers to a material
having a crystalline structure in which atoms are con-
nected in a two-dimensional form, and has a very thin
thickness of an atomic level, for example, about several
nanometers (e.g., 10 nm or less, or 25 nm or less). The
two-dimensional material may include a single layer or a
multilayer structure. When the two-dimensional material
has a multilayer structure, layers are relatively weakly
connected to each other by van der Waals forces.
[0035] The two-dimensional material generally means
atwo-dimensional crystalline material with no defect, and
may have a single crystal structure or a polycrystalline
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structure. For example, a two-dimensional material with
no defect may have a grain size greater than 100 nm.
[0036] Graphene is a material that has a crystalline
structure in the form of a hexagonal honeycomb, in which
carbon atoms are two-dimensionally connected to each
other. Graphene may have a single layer or multilayer
structure, and single-layer graphene may have a thick-
ness of about 0.34 nm. Graphene, in which carbon atoms
are connected to each other with strong covalent bonds
on atwo-dimensional plane, exhibits high physical chem-
ical stability and excellent mechanical, electrical, and
thermal properties.

[0037] In general, graphene means crystalline graph-
ene, and crystalline graphene may be referred to as in-
trinsic graphene. Crystalline graphene may have a grain
size greater than, for example, 100 nm. For example,
crystalline graphene may have a grain size of several
micrometers or more.

[0038] Crystalline graphene is known to be able to
change a work function by being bonded to metal. In de-
tail, when crystalline graphene is bonded to metal, charge
transfer occurs between the metal and the crystalline
graphene, forming interface dipoles. Accordingly, the
metal to which the crystalline graphene is bonded is
known to be able to reduce a work function compared
with metal to which no crystalline graphene is bonded.
[0039] FIG. 1 illustrates an experimental result show-
ing that a work function may be reduced by bonding crys-
talline graphene to metal. In FIG. 1, an experimental re-
sult shows work functions of metals and work functions
of conductive structures in which crystalline graphene is
bonded to each of the metals.

[0040] In FIG. 1, work functions of metals, in detail, Al,
Ti, Cr, Au, Ni, and Pt and work functions of conductive
structures in which crystalline graphene is bonded to
each of the metals are illustrated. The crystalline graph-
ene, as crystalline graphene of a single layer structure,
has a thickness of about 0.34 nm. The crystalline graph-
ene is bonded to metal by physical vapor deposition
(PVD). Crystalline graphene of a single layer structure
may have a work function of about 4.5 eV.

[0041] Referring to FIG. 1, it can be seen that a work
function of a conductive structure in which crystalline
graphene is bonded to metal is lower than that of the
metal. For example, while a work function of Ti is about
4.45 eV, a work function of Ti to which crystalline graph-
ene of a single layer structure is bonded is reduced to
about 3.84 eV. Accordingly, it can be seen that a work
function may be reduced by bonding crystalline graphene
to metal.

[0042] FIGS. 2 and 3 illustrate an experimental result
showing that a work function reduction effect decreases
when a metal layer is provided with a plurality of crystal-
line graphene layers.

[0043] FIG.2illustrates that a semiconductorlayer 130
is provided on a conductive structure 100 in which a crys-
talline graphene 120 is bonded to a metal layer 110.
[0044] ReferringtoFIG.2,the crystalline graphene 120
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is bonded to a surface of the metal layer 110, and the
semiconductor layer 130 is provided thereon. A Ti layer
is used as the metal layer 110, and a Si layer is used as
the semiconductor layer 130, but example embodiments
are not limited thereto and, in some embodiments, the
metal layer 110 may include a different metal than Ti or
a metal alloy. Also, the semiconductor layer 130 may
include a different semiconductor than Si in some em-
bodiments.

[0045] FIG. 3 illustrates an experimental result show-
ing a change in the height of a Schottky barrier according
to the number of layers of the crystalline graphene 120
in the structure of FIG. 2.

[0046] ReferringtoFIG. 3, itcanbe seenthatthe height
of a Schottky barrier formed between the conductive
structure 100 and the semiconductor layer 130 when the
crystalline graphene 120 is provided as a single layer is
much lower than the height of a Schottky barrier formed
between the metal layer 110 and the semiconductor layer
130 when the crystalline graphene 120 is not provided.
This means that a work function may be much reduced
when the crystalline graphene 120 of a single layer struc-
ture is bonded to the metal layer 110.

[0047] However, it can be seen that, when the crystal-
line graphene 120 is provided as two layers, three layers,
or four layers, the height of a Schottky barrier formed
between the conductive structure 100 and the semicon-
ductor layer 130 is not much reduced compared with a
case in which crystalline graphene is not provided. This
means that a work function may not be effectively re-
duced when the crystalline graphene 120 of a multilayer
structure is bonded to the metal layer 110.

[0048] FIGS. 4A to 4G illustrate conductive structures
according to example embodiments.

[0049] ReferringtoFIG. 4A, a conductive structure 200
may include a conductive material layer 210 and a work
function control layer 220 bonded to a surface of the con-
ductive material layer 210. The conductive structure 200
may be a bonding structure of the conductive material
layer 210 and the work function control layer 220. The
conductive material layer 210 may include metal. For ex-
ample, the conductive material layer 210 may include Ti,
W, Ai, Cr, Au, Ni, Pt, Mo, W, Ru, Rh, Ir, Cu, etc. However,
this is merely an example, and the conductive material
layer 210 may include various other materials.

[0050] The work function control layer 220 is bonded
to the conductive material layer 210 and may control a
work function. In detail, the work function control layer
220 is bonded to the conductive material layer 210, form-
ing the conductive structure 200, and may reduce the
work function of the conductive structure 200 to be lower
than the work function of the conductive material layer
210.

[0051] Furthermore, according to a change in the thick-
ness of the work function control layer 220, the work func-
tion of the conductive structure 200 may not be changed,
or a change rate of the work function of the conductive
structure 200 may be within 90%.
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[0052] In the present embodiment, the work function
control layer 220 may include a two-dimensional material
with a defect. The term "two-dimensional material with a
defect" may mean a two-dimensional material having a
relatively small grain size compared with a two-dimen-
sional material with no defect. In detail, while the two-
dimensional material with no defect has a grain size
greater than 100 nm as described above, the two-dimen-
sional material with a defect may have a grain size of 100
nm or less. For example, the two-dimensional material
with a defect may have a grain size of about 1 nm to
about 100 nm.

[0053] Thetwo-dimensional material with a defect con-
stituting the work function control layer 220 may have a
single layer structure (as depicted in FIGS. 4E and 4F)
or a multilayer structure (as depicted in FIGS. 4A to 4D
and 4G forexample)in any of the embodimentsiillustrated
in FIGS. 4A to 4G. The work function control layer 225
in FIG. 4D also may be a single layer structure or a mul-
tilayer structure. The two-dimensional material with a de-
fect may have a thickness of about several nanometers.
For example, the two-dimensional material with a defect
may have a thickness of about 10 nm or less, but the
disclosure is not limited thereto.

[0054] In some embodiments, as depicted in FIGS. 4F
and 4G, a semiconductor layer 230 (e.g., silicon) may be
formed on the work function control layer 220.

[0055] The work function control layer 220 may be
formed by bonding the two-dimensional material with a
defect to the conductive material layer 210 by a method,
for example, chemical vapor deposition (CVD), PVD, or
transfer.

[0056] Inthe presentembodiment, whenthe work func-
tion control layer 220 including the two-dimensional ma-
terial with a defect is bonded to the conductive material
layer 210 including metal, a work function may be re-
duced. Furthermore, as described above, while the crys-
talline graphene having a signal layer structure only may
effectively reduce a work function, the two-dimensional
material with a defect constituting the work function con-
trol layer 220 in the present embodiment may effectively
reduce a work function even when the two-dimensional
material with a defect has a single layer structure or a
multilayer structure.

[0057] Thetwo-dimensional material with a defect con-
stituting the work function control layer 220 may include
nanocrystalline graphene, nanocrystalline h-boron ni-
tride (h-BN), nanocrystalline transition metal dichalcoge-
nide (TMD), or nanocrystalline black phosphorous (BP).
The term "nanocrystalline" may mean that a two-dimen-
sional material has a grain size of 100 nm or less.
[0058] The nanocrystalline graphene may mean
graphene having a nano-level grain size. In detail, the
nanocrystalline graphene may have a grain size of 100
nm or less. For example, nanocrystalline graphene may
have a grain size of about 1 nm to about 100 nm. The
nanocrystalline graphene may have a single layer or mul-
tilayer structure. A nanocrystalline graphene of a single
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layer structure may have a thickness of about 0.34 nm.
A nanocrystalline graphene of a multilayer structure may
have a thickness of several nanometers, for example,
about 10 nm or less.

[0059] In the following description, the crystalline
graphene, the nanocrystalline graphene, and an amor-
phous carbon layer are described in detail in comparison
with one another.

[0060] A ratio of carbon having an sp2 bonding struc-
ture to the entire carbon may be obtained by the meas-
urement of a D-parameter through an X-ray photoelec-
tron spectroscopy (XPS) analysis. In detail, in the XPS
analysis, a peak shape of the Auger spectrum of carbon
varies according to the ratio of carbon having an sp?
bonding structure to the entire carbon. In the D-param-
eter spectrum formed by differentiating the peak shape,
aninterval between the highest point and the lowest point
is a D-parameter. Accordingly, the crystalline graphene,
the nanocrystalline graphene, and the amorphous car-
bon layer may be distinguished by measuring the D-pa-
rameter in the Auger spectrum of carbon. Furthermore,
a hydrogen content may be obtained through an ingre-
dient analysis of, for example, Rutherford backscattering
spectroscopy (RBS).

[0061] For crystalline graphene, the D-parameter in
the Auger spectrum of carbon may be about 23 eV. In
this case, the ratio of carbon having an sp2 bonding struc-
ture to the entire carbon may be almost 100%. Such a
general crystalline graphene may hardly include hydro-
gen. The general crystalline graphene may have a den-
sity of, for example, about 2.1 g/cc, and sheet resistance
may be, for example, about 100~300 Ohm/sq.

[0062] The nanocrystalline graphene may include
crystals having a size less than those of the general crys-
talline graphene. In a detailed example, the nanocrystal-
line graphene may include crystals having a size of about
0.5 nm to about 100 nm. In the nanocrystalline graphene,
the D-parameter in the Auger spectrum of carbon may
be about 18 eV to about 22.9 eV. In this case, the ratio
of carbon having an sp2 bonding structure to the entire
carbon may be, for example, about 50% to about 99%.
The nanocrystalline graphene may include hydrogen of,
for example, about 1 at% to about 20 at% (atomic per-
cent). Furthermore, the nanocrystalline graphene may
have a density of, for example, about 1.6 g/cc to about
2.1 gl/cc, and the sheet resistance thereof may be greater
than, for example, about 1000 Ohm/sq.

[0063] Inthe amorphous carbon layer, the D-parame-
ter in the Auger spectrum of carbon may have a value
between a D-parameter of diamond, that is, about 13 eV,
and the D-parameter of the nanocrystalline graphene. In
this case, the ratio of carbon having an sp2 bonding struc-
ture to the entire carbon may be, for example, about 30%
to about 50%. The amorphous carbon layer may include
a hydrogen content greater than, for example, about 20
at%.

[0064] In the following description, as an example
method of forming the above-described nanocrystalline
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graphene, a method of directly growing and forming na-
nocrystalline graphene on a surface of a substrate by
using a plasma enhanced CVD (PECVD) process.
[0065] After injecting a reactive gas for the growth of
nanocrystalline graphene into a reaction chamber pro-
vided with a substrate, power for generation of plasma
is applied thereto.

[0066] In detail, first, a substrate for growing nanocrys-
talline graphene is prepared in the reaction chamber. A
substrate of various materials may be used as the sub-
strate used for the growth of nanocrystalline graphene.
[0067] The substrate mayinclude, forexample, atleast
one of a Group IV semiconductor material, a semicon-
ductor compound, metal, or an insulating material. As a
detailed example, the Group IV semiconductor material
may include Si, Ge, or Sn. The semiconductor compound
may include, for example, a material obtained by com-
bining at least two elements of Si, Ge, C, Zn, Cd, Al, Ga,
In,B,C,N, P, S, Se, As, Sb, or Te. The metal may include,
for example, at least one of Cu, Mo, Ni, Al, W, Ru, Co,
Mn, Ti, Ta, Au, Hf, Zr, Zn, Y, Cr, or Gd. The substrate
may further include a dopant. The above-described ma-
terials of the substrate are merely non-limiting examples,
and the substrate may include various other materials.
[0068] Next, a reactive gas for the growth of nanocrys-
talline graphene is injected into the reaction chamber.
The reactive gas may include a carbon source, an inert
gas, and a hydrogen gas. Alternatively, the reactive gas
may not include a hydrogen gas.

[0069] A carbon source may be a source for supplying
carbon for the growth of nanocrystalline graphene. For
example, the carbon source may include at least one of
a hydrocarbon gas or vapor of a liquid precursor including
carbon.

[0070] The hydrocarbon gasmay include, forexample,
a methane gas, an ethylene gas, an acetylene gas, or a
propylene gas, but this is merely an example, and gases
of various other materials may be included.

[0071] The liquid precursor may include at least one
of aromatic hydrocarbon having a chemical formula of
CXHy (6<x<42 and 6<y<28) and derivatives thereof and
aliphatic hydrocarbon having a chemical formula of CXHy
(1=x<£12, and 2<y<26) and derivatives thereof. The aro-
matic hydrocarbon may include, for example, benzene,
toluene, xylene, or anisol, and the aliphatic hydrocarbon
may include, for example, hexane, octane, isopropyl al-
cohol, or ethanol. However, this is merely an example.
[0072] Theinertgas may include, for example, atleast
one of an argon gas, aneon gas, a nitrogen gas, a helium
gas, a krypton gas, or a xenon gas.

[0073] Next, a plasma power source applies power for
generating plasma to the inside of the reaction chamber.
The power for generating plasma may be about 10 W to
about 4000 W. However, the disclosure is not limited
thereto.

[0074] For example, a radio frequency (RF) plasma
generator or a microwave (MW) plasma generator may
be used as the plasma power source. In order to grow
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nanocrystalline graphene, the RF plasma generator may
generate RF plasma having a frequency range of, for
example, about 3 MHz to about 100 MHz, and the MW
plasma generator may generate MW plasma having a
frequency range of, for example, about 0.7 GHz to about
2.5 GHz. However, the above frequency range is merely
an example, and various other frequency ranges may be
used. A plurality of RF plasma generators or a plurality
of MW plasma generators may be used as the plasma
power source.

[0075] When the plasma power source applies power
for generating plasma to the inside of the reaction cham-
ber, an electric field may be induced in the reaction cham-
ber. As such, when the reactive gas is injected and then
an electric field is induced, plasma for the growth of the
nanocrystalline graphene 190 is formed.

[0076] When plasma is used to grow the nanocrystal-
line graphene, a mixing ratio of the reactive gas injected
into the reaction chamber, that is, a volume ratio of a
carbon source, an inert gas, and a hydrogen gas may
be, for example, about 1:0.01 to 5000:0 to 300. The vol-
ume ratio of a carbon source, an inert gas, and a hydro-
gen gasincluded in the reactive gas may be appropriately
adjusted depending on other growth conditions.

[0077] A process temperature for growing the nanoc-
rystalline graphene may be about 700 °C or less, which
is less than the temperature used for a general CVD proc-
ess. In a detailed example, the process temperature in
the reaction chamber may be about 180 °C to about 700
°C. The process pressure for growing the nanocrystalline
graphene 190 may be about 0.001 Torr to about 10 Torr.
However, this is merely an example, and other process
pressures may be used therefor.

[0078] Active carbon radicals are generated by the
plasma of the reactive gas in which the carbon source,
the inert gas, and the hydrogen gas are mixed, and ad-
sorbed on the surface of the substrate. In detail, plasma
of the inert gas of the reactive gas generates active car-
bon radicals from a carbon source gas, and the generated
active carbon radicals are adsorbed on the surface of the
substrate so that the surface of the substrate is activated.
As the plasma of an inert gas continuously induces acti-
vation of the substrate, the adsorption of active carbon
radicals on the surface of the substrate may be acceler-
ated.

[0079] As such, as the adsorption of active carbon rad-
icals on the surface of the substrate is accelerated, the
nanocrystalline graphene may grow on the surface of the
substrate at a relatively fast speed. For example, the na-
nocrystalline graphene may grow to a thickness of 0.05
nm or more per minute on the surface of the substrate.
However, the disclosure is not limited thereto. Accord-
ingly, the nanocrystalline graphene may grow to a de-
sired thickness within a relatively short time. The nanoc-
rystalline graphene may have a single layer or multilayer
structure.

[0080] Thereafter, another layer (e.g., semiconductor
layer such as a silicon layer or a metal layer) may be
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deposited on the nanocrystalline graphene.

[0081] In another embodiment, a method of forming
nanocrystalline boron nitride (BN) is provided. A system
for forming a boron nitride layer is described in co-pend-
ing U.S. Application No. 17/082,494, entitled "Intercon-
nect Structure and Electronic Apparatus Including the
Same" and filed on October 28, 2020, the entire disclo-
sure of which is incorporated by reference herein.
[0082] Inanembodiment, a boron nitride layer may be
grown on a semiconductor substrate (e.g., Si substrate)
by an inductively coupled plasma-chemical vapor depo-
sition (ICP-CVD) method at a process pressure of about
104 Torr and a process temperature of about 400 °C
(and/or about 700 °C or less).

[0083] The substrate may include at least one of a
Group IV semiconductor material, a semiconductor com-
pound, an insulating material, and metal. As a specific
example, the substrate may include the Group IV semi-
conductor material such as Si, Ge, or Sn. Alternatively,
the substrate may include at least one of Si, Ge, C, Zn,
Cd, Al,Ga,In,B,C,N, P, S, Se, As, Sb, Te, Ta, Ru, Rh,
Ir, Co, Ta, Ti, W, Pt, Au, Ni, and Fe. In addition, the sub-
strate may further include, for example, N and F as a
SiCOH-based composition, and may also include pores
to lower the permittivity. In addition, the substrate may
further include a dopant. The materials of the substrate
mentioned above are merely examples.

[0084] The substrate may be pretreated before the
substrate is disposed in a process chamber for growing
the boron nitride layer. For example, the substrate may
be immersed in an organic solvent such as acetone, son-
icated, and then cleaned with iso-propenyl alcohol (IPA)
and nitrogen gas. A plasma treatment such as oxygen,
hydrogen, NH;, etc. may be performed on the surface of
the substrate, which is cleaned, such that carbon impu-
rities remaining on the surface may be removed. In ad-
dition, the substrate may be immersed in an HF solution
to remove natural oxides or remove a residual HF solution
using anhydrous ethanol and N, gas.

[0085] The process temperature for growing the boron
nitride layer may be about 700 °C or less, which is lower
than the temperature used for a chemical vapor deposi-
tion process. For example, the process temperature of
the inside of the chamber may be about 400 °C. Before
the process temperature rises, the process pressure for
growing the boron nitride layer may be set to about2 Torr
or less. For example, the process pressure may be 10-2
Torr or less.

[0086] Next, a reaction gas for growing the boron ni-
tride layer may be injected into the chamber. Here, the
reaction gas may be a source for boron nitride for the
growth of the boron nitride layer and may be a source
including both nitrogen and boron, such as borazine
(B3NsHg) or ammonia-borane (NH3-BHj). Alternatively,
the reaction gas may include a nitrogen source including
nitrogen and a boron source including boron. The nitro-
gen source may include at least one of ammonia (NHs)
or nitrogen (N,), and the boron source may include at
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least one of BH;, BF;, BCI3, B,yHg (CH5)3B, and
(CH5CH,)3B.

[0087] The reaction gas may further include an inert
gas. The inert gas may include, for example, at least one
of argon gas, neon gas, nitrogen gas, helium gas, krypton
gas, and xenon gas. The reaction gas may furtherinclude
a hydrogen gas. In addition, the mixing ratio of the reac-
tion gas injected into the chamber may be variously mod-
ified according to the growth conditions of the boron ni-
tride layer.

[0088] A flow rate controller may control the flow rate
of the reaction gas flowing into the chamber. The flow
rate of the boron nitride gas may be lower than other
reactant gases. When the boron nitride layer is to grown
using plasma, the mixing ratio of the reaction gas injected
into the chamber, that is, the volume ratio of the source
of boron nitride and the inert gas, may be, for example,
about 1:10 to 5000, and the volume ratio of the source
of boron nitride, the inert gas, and the hydrogen gas, may
be, for example, about 1:10 to 5000:10 to 500.

[0089] Since the source for boron nitride is significantly
smaller in proportion to other reaction gases, the crystal-
linity of boron nitrides may be weak. Thus, the boron ni-
tride layer may be formed in an amorphous or a nano-
sized crystal structure.

[0090] When anexcess amountofthe source forboron
nitride is supplied, the boron nitride layer may grow ir-
regularly, and a precursor may be adsorbed, and thus,
the flow rate of the source for boron nitride may be low.
[0091] For example, while growing the boron nitride
layer, the flow rate controller may control the flow rate of
the source for boron nitride to 0.05 sccm, the flow rate
of the inert gas to 50 sccm, and the flow rate of the hy-
drogen gas to 20 sccm. The flow rate controller 13 con-
trols the flow rates of the boron nitride source and the
inertgas, butis notlimited thereto. The flow rate controller
may control only the flow rate of the source for boron
nitride.

[0092] Subsequently, a plasma apparatus may gener-
ate plasma inside the chamber while the source for boron
nitride is introduced into the chamber. The power for plas-
ma generation may be about 10 W to about 4000 W. For
example, the power for plasma generation is about 30
W, but is not limited thereto.

[0093] The plasma apparatus may be an apparatus
that provides plasma including an inductively coupled
plasma, a capacitively coupled plasma, a microwave
plasma, a plasma enhanced method, an electron cyclo-
tron resonance plasma, arc discharge plasma, a helicon
plasma, etc., but is not limited thereto. For example, an
inductively coupled plasma apparatus may provide a kind
of plasma in which energy is supplied by a current gen-
erated by electromagnetic induction, that is, a magnetic
field that changes over time. When the power for gener-
ating plasma is applied to the inside of the chamber from
the plasma apparatus, an electric field may be induced
inside the chamber. As described above, when the elec-
tric field is induced in a state where the reaction gas is
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injected, plasma for the growth of a boron nitride layer
may be formed.

[0094] Activated nitrogen and activated boron may be
generated by the plasma of the reaction gas in which the
carbon source, the inert gas, and the hydrogen gas are
mixed and may be adsorbed onto the surface of the sub-
strate. In addition, the plasma of the inert gas may con-
tinuously induce the activation of the substrate, and thus,
the adsorption of the activated nitrogen and the activated
boron onto the surface of the substrate may be acceler-
ated. The activated nitrogen and the activated boron may
be adsorbed as amorphous. Even if activated nitrides
and boron are combined with each other, since an
amountthereof is small, activated nitrides and boron may
be adsorbed as the nano-sized crystal.

[0095] As the adsorption of the activated nitrogen and
the activated boron onto the surface of the substrate is
accelerated even at a low temperature, the boron nitride
layer may grow on the surface of the substrate. According
to the present embodiment, since the boron nitride layer
directly grows on the surface of the substrate by a low
ratio of the activated nitrogen and the activated boron at
a low temperature, for example, at a temperature of 700
°C or less, the boron nitride layer, which is grown, may
have weak crystalline.

[0096] The boron nitride layer according to an embod-
iment may grow as amorphous or may grow as the nano-
sized crystal. Although there is a crystal in the boron ni-
tride layer formed as amorphous, there may be a crystal
of 3 nm or less, and the boron nitride layer formed as the
nano crystal may include crystals having a size of about
100 nm or less. More specifically, the boron nitride layer
may include crystals having a size of about 0.5 nm to
about 100 nm.

[0097] The thickness of the boron nitride layer accord-
ing to an embodiment may be grown to about 10 nm or
less, but is not limited thereto.

[0098] After growth of the boron nitride layer, the plas-
ma may be turned off and a furnace that adjusts the tem-
perature of the chamber may be gradually cooled at the
room temperature.

[0099] A device may be fabricated by forming another
layer on the boron nitride layer. Alternatively, the fabri-
cated boron nitride layer may be transferred to another
layer. When transferred, a hydrofluoric acid transfer tech-
nique may be applied, but the present disclosure is not
limited thereto.

[0100] FIGS. 5A and 5B illustrate D-parameter spec-
trums with respect to the nanocrystalline graphene and
the amorphous carbon layer, respectively.

[0101] In FIG. 5A, a polysilicon substrate is used as
the substrate in a PECVD process, and an RF plasma
generator (13.56 MHz) is used as the plasma power
source. The RF power for generating plasma is 600 W.
A growth temperature of 700 °C, a process pressure of
0.02 Torr, and a growth time of 20 minutes are used as
growth conditions. Furthermore, 1 sccm of an acetylene
gas, 50 sccm of an argon gas, and 100 sccm of a hydro-
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gen gas are respectively used as the carbon source gas,
the inert gas, and the hydrogen gas included in the re-
active gas.

[0102] A D-parameter spectrum to a material layer
formed on the surface of a polysilicon substrate by a plas-
ma CVD process as above is illustrated in FIG. 5A. Re-
ferring to FIG. 5A, in the D-parameter spectrum, the D-
parameter is measured to be about 20.90 eV, from which
it can be seen that the nanocrystalline graphene grows
on a surface of the polysilicon substrate. In this state, the
measured thickness of the nanocrystalline graphene
may be about 2 nm. As such, it can be seen that, when
the inert gas is included in the reactive gas, the nanoc-
rystalline graphene is directly grown and formed on the
surface of the substrate within a relatively short time.
[0103] FIG.5Billustrates a D-parameter spectrum with
respect to the amorphous carbon layer. As the D-param-
eter is about 16.15 eV in the D-parameter spectrum, it
can be seen that the D-parameter with respect to the
amorphous carbon layer is different from the D-parame-
ter with respect to the above-described nanocrystalline
graphene.

[0104] The conductive structure 200 may be manufac-
tured by bonding the work function control layer 220 in-
cluding the above-described nanocrystalline graphene
to the conductive material layer 210 including metal. Met-
al carbide (as depicted in the conductive structure 200B
in FIG. 4B, which includes metal carbide MC) may be
further provided between the conductive material layer
210 and the work function control layer 220. However,
the disclosure is not limited thereto, and the metal carbide
may not be provided.

[0105] The work function control layer 220 may be
formed by directly growing nanocrystalline graphene on
the conductive material layer 210 including metal, by us-
ing the above-described CVD, specifically PECVD. How-
ever, this is merely an example, and the work function
control layer 220 may be formed by depositing nanoc-
rystalline graphene on the conductive material layer 210
including metal, by using PVD. Furthermore, the work
function control layer 220 may be formed by transferring
nanocrystalline graphene manufactured by using CVD
or PVD to the conductive material layer 210 including
metal.

[0106] A work function may be controlled by bonding
the work function control layer 220 including the nanoc-
rystalline graphene to the conductive material layer 210
including metal by deposition or transfer. In detail, when
the conductive structure 200 is formed by bonding the
work function control layer 220 including the nanocrys-
talline graphene to the conductive material layer 210 in-
cluding metal, the work function of the conductive struc-
ture 200 may be reduced to be lower than the work func-
tion of the metal constituting the conductive material layer
210.

[0107] For example, the work function of tungsten (W)
is about 4.73 eV. After a conductive structure is manu-
factured by transferring nanocrystalline graphene having
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a thickness of several nanometers (about 10 layers) to
a surface of a conductive material layer including W, the
work function of the conductive structure is measured.
The work function of the conductive structure was meas-
ured to be about 4.23 eV, and it can be seen that the
measurement value is reduced to be much lower than
the work function of W.

[0108] In another example, a work function of nickel
(Ni)is about 4.45 eV. After a conductive structure is man-
ufactured by transferring nanocrystalline graphene hav-
ing a thickness of several nanometers (about 10 layers)
to a surface of a conductive material layer including Ni,
the work function of the conductive structure is meas-
ured. The work function of the conductive structure was
measured to be about 3.99 eV, and it can be seen that
the measurementvalue is reduced to be much lower than
the work function of Ni. Accordingly, the work function of
the conductive structure may be reduced to be lower than
the work function of the metal constituting the conductive
material layer by bonding nanocrystalline graphene to
the conductive material layer 210 including metal.
[0109] Furthermore, as described above, when a plu-
rality of crystalline graphene layers are bonded to the
conductive material layer including metal, the work func-
tion may not be effectively reduced. However, in the
presentembodiment, the work function may be effective-
ly reduced even when a plurality of nanocrystalline graph-
ene layers are bonded to the conductive material layer
210 including metal.

[0110] Inthe above description, nanocrystalline graph-
ene is described as an example of the two-dimensional
material with a defect which may reduce the work function
by being bonded to the conductive material layer includ-
ing metal. However, there are various other two-dimen-
sional materials with a defect which may control the work
function by being bonded to the conductive material layer
including metal.

[0111] Forexample, the two-dimensional material with
a defect constituting the work function control layer may
include nanocrystalline h-BN as an insulating material.
Furthermore, the two-dimensional material with a defect
constituting the work function control layer may include,
as a semiconductor material, nanocrystalline TMD or na-
nocrystalline BP.

[0112] Accordingto the above-described example em-
bodiments, the work function of metal may be controlled
by bonding the two-dimensional material with a defect to
the conductive material layer including metal. In detail,
the work function of the conductive material layer to which
the two-dimensional material is bonded may be reduced
to be lowerthan the work function of the metal constituting
the conductive material layer. Furthermore, while the
crystalline graphene may effectively reduce the work
function only with the crystalline graphene that has a sin-
gle layer structure, in the present embodiment, the work
function may be effectively reduced when the two-dimen-
sional material with a defect has not only a single layer
structure, but also a multilayer structure. The above-de-
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scribed embodiments are merely examples, and various
other modifications thereof may be possible.

[0113] For example, referring to FIG. 4C, a conductive
structure 200C according to an embodiment may be the
same as the conductive structure 200Bin FIG. 4B, except
the work function control layer 220 and metal carbide MC
may be patterned. Optionally, the metal carbide MC may
be omitted in the conductive structure 200C.

[0114] Referring to FIG. 4D, a conductive structure
200D according to an embodiment may be the same as
the conductive structure 200 described in FIG. 4A, except
another surface of the conductive material layer 210 may
be connected to a second work function control layer
225. The second work function control layer 225 may
include same two-dimensional material layer with a de-
fect as the work function control layer 220 in FIG. 4A, or
the work function control layer 220 and second work func-
tion control layer 225 may include different two-dimen-
sional material layers with a defect. Although not illus-
trated, a metal carbide may be between the conductive
material layer 210 and the second work function control
layer 225.

[0115] In example embodiments, a method of control-
ling a work function of a metal may include preparing a
conductive structure that includes a conductive material
layer having metal and having a first work function, and
then bonding a first work function control layer to the con-
ductive material layer to adjust a work function of the
conductive structure to a second work function that is
lower than the first work function. The first work function
control layer may include a first two-dimensional material
with a defect (e.g., nanocrystalline graphene). Then, the
method may further include removing the first work func-
tion control layer to adjust the work function of the con-
ductive structure to a third work function that may be
greater than the second work function. The third work
function may be about equal to the first work function,
but is not limited thereto. Then, the method may further
include bonding a second work function control layer to
the conductive material layer to adjust the work function
of the conductive structure to a fourth work function that
is lower than the third work function. The fourth work func-
tion may be the same as or different than the second
work function. The fourth work function may be lower
than the third work function. The second work function
control layer may include a second two-dimensional ma-
terial with a defect (e.g. nanocrystalline h-BN) that may
be different than a material of the first two-dimensional
material with a defect (e.g., nanocrystalline graphene).
The first two-dimensional material and the second two-
dimensional material independently may be single layer
or multi-layer. The second work function control layer
may be removed to adjust a work function of the conduc-
tive structure from a fourth work function to a fifth work
function. The fifth work function may be greater than the
fourth work function and the fifth work function may be
equal to the first work function and/or the third work func-
tion.
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[0116] In example embodiments, a method of control-
ling a work function of a metal may be applied to a method
of manufacturing a conductive structure. The method of
manufacturing a conductive structure may include bond-
ing a work function control layer to a conductive material
layer including metal, where the work function control
layer may include a two-dimensional material with a de-
fect. The method of manufacturing a conductive structure
may be applied to a method of manufacturing a device
including the conductive structure by preparing a sub-
strate, manufacturing the conductive structure on the
substrate by bonding a work function control layer to a
conductive materiallayer including metal, where the work
function control layer may include a two-dimensional ma-
terial with a defect, and then forming another layer (e.g.,
insulating layer, semiconductor layer, and/or conductive
layer) to the conductive structure.

[0117] It should be understood that embodiments de-
scribed herein should be considered in a descriptive
sense only and not for purposes of limitation. Descrip-
tions of features or aspects within each embodiment
should typically be considered as available for other sim-
ilar features or aspects in other embodiments. While one
or more embodiments have been described with refer-
ence to the figures, it will be understood by those of or-
dinary skill in the art that various changes in form and
details may be made therein without departing from the
scope of inventive concepts as defined by the following
claims.

Claims
1. A conductive structure comprising:

a conductive material layer including metal; and
a work function control layer bonded to the con-
ductive material layer, the work function control
layer including a two-dimensional material with
a defect, and the work function control layer be-
ing configured to control a work function of the
conductive structure by being bonded to the con-
ductive material layer.

2. Theconductive structure of claim 1, whereinthe work
function control layer is configured to make the work
function of the conductive structure lowerthan awork
function of the conductive material layer.

3. The conductive structure of claim 1 or 2, wherein the
two-dimensional material with the defect has a two-
dimensional crystalline structure and a grain size of
100 nm or less, and optionally wherein the two-di-
mensional material with the defect has a thickness
of several nanometers.

4. The conductive structure of claim 3, wherein the two-
dimensional material with the defect comprises na-
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10.

1.

12.

13.

14.

nocrystalline graphene, and optionally further com-
prising:

metal carbide between the conductive material layer
and the work function control layer.

The conductive structure of claim 3, wherein the two-
dimensional material with a defect comprises nanoc-
rystalline h-boron nitride (h-BN).

The conductive structure of claim 3, wherein the two-
dimensional material with a defect comprises a na-
nocrystalline transition metal dichalcogenide (TMD)
compound or nanocrystalline black phosphorous
(BP).

The conductive structure of any preceding claim,
wherein the two-dimensional material with a defect
has a single layer structure.

The conductive structure of any of claims 1 to 6,
wherein the two-dimensional material with a defect
has a multilayer structure.

The conductive structure of any preceding claim,
wherein the work function control layer is bonded to
the conductive material layer by deposition or trans-
fer.

A method of controlling a work function of metal, the
method comprising:

controlling the work function by bonding a work
function control layer to a conductive material
layer including metal,

the work function control layer including a two-
dimensional material with a defect.

The method of claim 10, wherein

the work function control layer is configured to control
a work function of a conductive structure including
the conductive material layer, and

the work function control layer is configured to make
the work function of the conductive structure lower
than a work function of conductive material layer.

The method of claim 10 or 11, wherein the two-di-
mensional material with the defect has a two-dimen-
sional crystalline structure and a grain size of 100
nm or less, and optionally wherein the two-dimen-
sional material with the defect has a thickness of
several nanometers.

The method of claim 12, wherein the two-dimension-
al material with the defect comprises nanocrystalline
graphene.

The method of claim 12, wherein the two-dimension-
al material with the defect comprises nanocrystalline
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h-BN, nanocrystalline transition metal dichalcoge-
nide compound, or nanocrystalline black phospho-
rous.

The method of any of claims 10 to 12, wherein the
two-dimensional material with the defect has a single
layer structure or a multilayer structure.
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